This paper presents the development and testing of a haptic interface compatible with a functional magnetic resonance imaging (fMRI) environment for neuroscience human motor control studies. A carbon fiber extension enables us to use the widely accepted and available haptic device Phantom 1.5.
Introduction
In the last decade, advances in functional magnetic resonance imaging (fMRI) have enabled neuroscientists to study human brain activation during basic human activities such as speaking and breathing. The fMRI technique is based on a measurement of blood-oxygen-level-dependent (BOLD) signals for estimation of neural activity in the human brain. 1 
Studies
2,3 have investigated human brain activation during voluntary upper-limb movements. Controlled upper-limb movements inside an fMRI scanner could provide new, important insights into human motor control. To control and asses arm activity, a device capable of generating and measuring force and trajectories is required. An fMRIcompatible haptic interface can provide a dynamically controlled environment inside the fMRI scanner.
Any device placed inside the fMRI environment requires high level of safety and electromagnetic compatibility. 4 Three major difficulties impose limits on the use of electromechanical devices inside fMRI scanners. A high magnetic flux density, which exceeds 1 T in modern fMRI scanners, makes the use of ferromagnetic materials * Corresponding author. E-mail: alesh@robo.fe.uni-lj.si impossible. A high-level radio-frequency electromagnetic field and the sensitivity of the scanner receiver coils limit the use of electronic circuits. With a typical diameter of 60 cm, there is also limited space within a scanner bore. These limitations make the design of an fMRI-compatible device a challenging task.
However, a few fMRI-compatible devices have been developed in the last few years. Toma and Nakai 5 and Chapuis et al. 6 reported on fMRI-compatible force sensors and actuators. An fMRI-compatible surgical robot with five degrees of freedom (DOFs) for use inside an intra-operative fMRI scanner was introduced by Chinzei and Miller. 7 Research in the field of human motor control requires a tool capable of dynamically controlling arm and hand movements inside an fMRI scanner. An fMRI-compatible hand rehabilitation device was introduced by Khanicheh et al. 8, 9 Hydraulic, pneumatic, and ultrasonic actuators are used to drive 1-DOF haptic devices reported in refs. [10] [11] [12] [13] . Furthermore, more sophisticated haptic devices have been described, 14, 15 one of which has two DOFs and uses hydraulic actuators to generate force.
14 Another 2-DOF haptic device is powered by ultrasonic motors. 15 However, to the best of our knowledge, no 3-DOF haptic interface has been introduced to an MRI environment to date. An important issue in fMRI experiments is the ability to imitate reality inside a scanner as closely as possible. A threedimensional virtual environment represents a good approach. This has motivated us to modify a Phantom Premium 1.5 haptic device to be used inside an fMRI scanner room. Employing this widely accepted haptic device enabled us to use existing software, thus accelerating the designing process of the system. A mechanical carbon-fiber extension with a 3-DOF joint has been developed and coupled with the endeffector of the Phantom haptic device. This ensures that the Phantom can operate at a safe distance, well outside the high magnetic field of the main coil of an MRI scanner.
Extended Haptic Interface
It is believed that standard electromechanical components have no place inside an fMRI environment, as they usually contain some ferromagnetic material. In ref. [4] a definition of four zones, in which devices inside an fMRI environment may operate, is given.
The Phantom Premium 1.5 haptic device is driven by electric coreless motors. For a small electric motor operating inside an fMRI scanner room, the maximum magnetic flux density permissible is 5 mT. 16 The data supplied by Siemens suggested that the Phantom would have to be at a distance of 3 m from the isocenter of the magnet to meet this requirement.
To place the Phantom's motors outside the 5-mT magnetic flux density line an extension was mounted between the endeffector of the Phantom and the subject's hand. This way the subject inside the fMRI scanner was able to manipulate the haptic device. The mechanical extension ( Fig. 1) is comprised of two carbon fiber rods, a 2-DOF gimbal, and a linear rail with a carriage. An aluminum part with an M22× 1.5 thread is glued to the end of each carbon fiber rod. The rods are screwed into a gimbal cylinder, which is mounted on a main gimbal frame using a bronze axle and Teflon bearings. The main gimbal frame rotates on the bronze shaft mounted on the rail carriage. Stainless steel hex screws are used to secure both axles. Final assembly gives the mechanical extension three DOFs. The linear rail with the carriage provides a translational DOF, and the gimbal adds two rotational DOFs.
The stainless steel rail and RSR9ZM carriage were purchased from THK. The aluminum 2-DOF gimbal was designed in Autodesk Inventor (Autodesk Inc.) and manufactured in a computer numerical-controlled machine shop.
At one end the mechanical extension is coupled with the Phantom haptic device through a 3-DOF universal joint. The Phantom and the extension are fixed on an aluminum frame, which is assembled out of Bosch Rexroth aluminum strut profiles. Initially, a wooden frame was planned; however, compatibility tests (described below) demonstrated that the aluminum frame can be used inside the fMRI examination room during the experiments. Another benefit of the aluminum frame is greater mechanical robustness and a chance of easy adaptation of the haptic system to the different sizes of the subjects participating in the experiment.
The aluminum frame is bolted together with stainless steel screws. A plastic part connects a sliding examination table of the fMRI scanner and the aluminum frame. The assembly is shown in Fig. 2 .
A computer and a power amplifier of the Phantom are located outside the fMRI scanner examination room. To minimize the electromagnetic interference, properly shielded cables, to power and to read the Phantom motors and encoders, are placed as far away from the scanner as possible. 
Kinematics
When the extension is added to the Phantom haptic device, a kinematic map of the haptic system differs from the original Phantom kinematic model derived in ref. [17] . In Fig. 3 a schematic model of the coupled haptic system is shown. The 3-DOF joint of the mechanical extension is described by the variables ϑ 3 , ϑ 2 , and d 1 . Denavit-Hartenberg parameters of the joint are given in Table I . These parameters are used to derive a forward kinematic matrix T 3 equation:
As we are interested only in a positional part of the transformation the last column of the matrix T 3 is extracted and written as a vector pw in Eq. (2). The system of equations (Eq. (2)) has been solved in Wolfram Mathematica considering the following assumptions:
. An inverse kinematic map of the mechanical extension derived from pw is represented by Eq. (10). Results for ϑ 3 , ϑ 2 , and d 1 are put back into T 3. The last column of T 3 represents the kinematic end-to-end solution of the mechanical extension equation:
Dynamics
To estimate the impact of the mechanical extension on a subject's performance during the execution of a haptic task a dynamic model of the mechanical extension has to be derived. For the linear DOF of the joint the equation
can be written, and for rotational joints the equation
can be written. When moving in the z direction, a force contributed by the extension can be calculated by Eq. (5), where m ext is mass of the moving parts of the extension and b is a coefficient of friction. Because the frictional force is small (less than 0.01 N) compared with the force of inertia we can discard the frictional contribution. For movement in the x and y directions a torque contributed by two rotational DOFs can be estimated by Eq. (6). The torque generated by friction in both rotational DOFs is within 10 −3 N m; therefore it can be discarded.
Mass and mass moments of inertia (I ext ) of the mechanical extension were first estimated using the Autodesk Inventor physical iProperties dialog box. The mass value acquired by the Autodesk Inventor was compared with the mass measured by a precision weighing machine. The difference between these two mass values was less than 1%. In all calculations, the mass value measured with the precision weighing machine is used:
Planar bending of the carbon fiber extension is described by a Bernoulli-Euler beam model equation, Eq. (9), derived in ref. [18] :
where Matrix B relates the variables in the x and y directions at two ends of the carbon fiber extension equation, Eq. 10. In the z direction an infinite stiffness is presumed: 
Control
In most standard applications an impedance control scheme as given in Fig. 4(a) is used to guide the Phantom haptic device. When the mechanical extension is coupled with the Phantom, additional dynamics are added to the haptic system. To compensate the dynamics of the mechanical extension a control scheme in Fig. 4(c) has been used. The impedance controller in Fig. 4 (b) was upgraded with two additional control blocks. A flex compensation block is used to compensate the difference between the actual and the calculated position caused by a flexion of the carbon fiber rod. When a human interacts with a rigid virtual reality (VR) object (e.g., wall) the actual position of the extension's end (p A dynamic compensation block is a feed-forward controller that compensates the forces that are caused by the movement of the mechanical extension in the free space of the virtual environment. 
Evaluation and Testing

3.1.
Testing outside the scanner 3.1.1. Procedure. The first experiment with the Phantom coupled with the mechanical extension was carried out in a controlled environment outside the fMRI scanner. The aim of this experiment was to asses the impact of the mechanical extension on the performance of a subject during the execution of a virtual environment task. A virtual environment task where the subject had to reach for a white square target on a back wall of a virtual environment room was programmed.
The experiment comprised two parts. Each of the five male subjects (age range 26-29 years) first executed the virtual environment task using only the Phantom haptic device. In the second part of the experiment, the mechanical extension was added to the Phantom, and the same task was repeated. A log file containing the trajectories, forces, and start and hit times for each subject was generated for every run. The data from these two experimental sets allowed us to study the effect of the mechanical extension on the trajectories, velocities and forces, and reaction times of the subject while performing the virtual environment task.
Results.
A comparison of reaching trajectories, velocities, and accelerations with and without the mechanical extension is presented in Figs. 5(a)-5(c) , respectively. Each trace represents an average of 20 trajectories captured from one subject. For demonstration purposes and clarity, only one coordinate is presented in each plot: x for trajectories, y for velocities, and z for accelerations.
Because the virtual environment task requires no interaction forces, when the subject moves the cursor in free space of the virtual environment room, the Phantom motors do not generate any torque. When the Phantom is used without the extension, actual interaction forces with the subject are a result of the Phantom dynamics derived in refs. [19 and 20] . Use of the mechanical extension changes these interaction forces because of the difference in the dynamic model. Figure 5 (d) presents the interaction forces (in all three directions) caused only by the extension.
The experiment showed that the use of the mechanical extension has a negligible effect on the subject's performance while executing the virtual environment task. Forces caused by the mechanical extension are small enough so that they do not have significant impact on reaction and movement times. Comparison of these times is given in Table II . Reaction time is the time between the moment when the white square target is shown on the screen and the moment when the Table II subject starts to move the cursor. Movement time is the time in which the subject is moving the cursor towards the target. Total time is the sum of movement and reaction times. The data in Table II is an average of all the times of the five subjects who participated in the experiment.
Test of electromagnetic compatibility 3.2.1. Procedure.
The experiments described below were carried out to demonstrate the compatibility of the extended haptic system with a 3-T Siemens MAGNETOM Trio fMRI scanner, of the University Medical Center Ljubljana, Slovenia. All experiments with the fMRI scanner included trained personnel. Before the Phantom haptic device was taken inside the fMRI examination room, the distribution of a static magnetic field of the scanner was studied. With the static magnetic field model supplied by Siemens we were able to determine the approximate position of the Phantom inside the examination room. Additional measurements of the magnetic flux density (B) showed that the Phantom would need to be at a distance of 3 m from the isomagnetic center of the fMRI scanner, to satisfy the maximum allowed flux density in which the electric motors of the Phantom may operate.
In the next step, possible interference of the Phantom operation inside the examination room during fMRI was observed. All tests were carried out on the same day using echo planar imaging sequences, which are commonly used in brain fMRI examinations. Sequence parameters were fixed throughout the experiments (T R = 3000 ms, T E = 30 ms, field of view = 192 mm, 36 slices, slice thickness 6 mm, voxel size 3 × 3 × 3 mm 3 ). A cylindrical imaging object (plastic bottle 1900 mL, per 1000 g H 2 O dist.: 3.75 g NiSO 4 × 6H 2 O + 5 g NaCl) was placed inside the scanner. The first set of images was acquired without the Phantom inside the examination room. Then the Phantom was placed on the previously determined spot (described above) inside the examination room (Fig. 2) . The phantom was connected to the amplifiers, which were placed outside the room, and the virtual environment task was ran. The subject inside the examination room was executing the task while another set of images was acquired.
Results.
The acquired images were analyzed in MATLAB as proposed in ref. [21] . A mean pixel value of 30 images of slice 18/36 for both image sets was first calculated (IMAGE1 and IMAGE2). Then a pixel-by-pixel difference image was acquired (IMAGE3).
Standard deviation (SD) of the pixel values within the measurement region of interest (MROI) on IMAGE3 was determined (Eq. (11)). The MROI extended over 80% of the cylindrical imaging object cross-sectional area:
In Eq. (11), V (i, j ) denotes pixel value in IMAGE3, while V is the average pixel value. Image noise (IMN) was calculated as
Image signal (S) was determined as mean pixel value within the MROIs of IMAGE1 and IMAGE2. A signal-tonoise ratio (SNR) (Eq. (13)) was calculated for both cases. When no haptic device was present inside the examination room the SNR was 172. For haptic device present and operating inside the examination room the SNR was 171:
Figures 6(a)-6(d) present acquired images during compatibility experiment. In Fig. 6 (a) the mean value of first imaging set (30 images of slice 18/36, reference imaging, IMAGE1) is shown. Figure 6(b) shows the mean value of the second imaging set (30 images of slice 18/36, haptic device running inside examination room, IMAGE2). Subtraction of the images in Figs. 6(a) and 6(b) is shown in Fig. 6(c)-IMAGE3 . An inverse of IMAGE3 is presented in Fig. 6(d) .
In Fig. 6 (c) a slight shift of the subtracted images can be observed. This "ring effect," which can be seen even better in Fig. 6(d) , has also been reported in refs. [7, 9, and 11] . It is not clear whether shift was caused by the haptic device running inside examination room or by a spatial shift of the imaging object while two sets of fMRI images were acquired. However the SNR of the images acquired during the Phantom operation is still high enough for us to be able to use them to determine regions of brain activation.
Discussion and Conclusion
In this paper the upgrade of the Phantom haptic device has been presented. The upgrade enables the Phantom to operat inside the fMRI examination room. Comprehensive study has demonstrated that it is possible to use the Phantom haptic device together with the mechanical extension inside the fMRI environment.
Tests in laboratory showed that for a simple virtual environment tasks the mechanical extension does not have significant impact on haptic perception. Because of its light weight and small mass moments of inertia, dynamic forces contributed by mechanical extension are small enough that they do not have a notable effect on the subject's performance during the execution of the virtual environment task. This was also confirmed by comparison of movement times with and without the extension.
Experiments with the fMRI scanner have also confirmed electromagnetic compatibility of the extended haptic device with the fMRI environment. Analysis of fMRI images acquired during the operation of the haptic device inside the scanner examination room revealed the SNR of these images to be 171. With images of such quality neurophysiologists are able to determine regions of human brain activation during different controlled, motor-oriented arm movements.
We believe that as long as interaction forces are in a range of a few Newtons, this method can be applied to many different types of haptic devices (such as Fokker Haptic Master 22 and MIT Manus 23 ), thus enabling them to work inside the fMRI environment.
Future work will include development and programming of a virtual environment in which a human subject will perform reaching movements. Extended haptic interface will be used for what it was designed. This combination of virtual environment and haptic system together with the fMRI technique will allow neurophysiologists to start a new chapter in the study of human motor control.
